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NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS

RESEARCH MEMORANDUM

SUPERSONIC TUNNEL INVESTIGATION E MEANS OF II!:ICLH\IED—PLATE
TECHNIQUE TO DETERMINE PERFORMANCE OF SEVERAL NOSE
© INLETS OVER MACH NUMBER RANGE OF 1.72 TO 2.18

By Jerome L. Fox

SUMMARY

A suspended flat plate was wsed to continuously vary the Mach
number in the NACA Lewls 18~ by 18-lnch Mach number 1.9l supersonic
tunnel. The useful range of the tumnel was extended over a range of
Mech numbers from 1.72 to 2.18. Meximum veariations in the Mach number
of the flow produced at the vicinity of nose inlets at zero angle of
attagk were +0.01l and flow angulari'bies were less than approximately
0.35

The technlque was applied to the determination of pressure recovery
and mass~flow characterlstics of four supersonlic nose inlets over the
Mach mumber range produced.

INTRODUCTION

A technlique that permits & varisble Mach number investigation to
be conducted in existing fixed-Mach-number tunnels has been Investigated.
The method utllizes the uniform flow after a two-dimensional expansion
or compression produced by the leading edge of a flat plate suspended
upstream of the diffuser inlet. A form of this technigue, used to depreass
a tunnel Mach number to values near 1 in order to test ailrfoils in the
transonic range, has besen reported by the Flygtelmiska. Forsoksanstalten
(Stockholm).

As an applicabtion of the technique, the cold performance in terms
of pressure recovery and mass flow was determined over ‘the range of Mach
numbers produced for four supsrsonic nose inlets, including (1) a single-
shock gpike inlet, (2) a curved-splke inlet, (3) & perforated convergent-
divergent a.iffuser, and (4) a single-shock spike inlet with a perforated
cowl,
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AFPPARATUS AND FROCEDURE
Apparatus

The investigation wes conducted in the NACA Lewls 18- by 18-inch
Mach-number-1.91 tvnnel. Inlet stagnation temperatures were maintained
at approximetely 150° F with an inlet total pressure approximately
atmogspheric. Dew points during running were -10° F or less. Flow
vatterns in the vicinlity of the inlets were observed with & two-mirror
schlleren zpparatus and recorded photographicsally.

Three plates, similar In plan form, consisting of one flat plate
and two plates bent approximately S° in opposite directions, wers used
in the lnvestigation. DPrincipal dimensions of bthe plates are shown In
flgure 1. Two bent plates were fabricated in order to yield flow at an
sngle of attack of approximately 5° to the models. The plate angles are
not ldenticel due to an error in machining. All plates were machined
from 5/8-inch steel and during operation were bolted to three supports
that were silver soldered to the diffusers. A photograph of a complete
configuration in position in the tunnel 1s presented in figure 2.
Design dimensions of the plates and supporte were determined by the
consideration that the plate must be so positlioned with respect to the
inlet that the inlet ls completely downstream of the shock or expanslon
fan originating at the leading edge of the plate for all operating con-
ditions. In addition, the width of the plates must be such that the
disturbance from the tips of the leading edge shall fall downstream of
the inlet and of the perforations, if wsed.

A vhotograph of the inlets and projecting splkes used in this
investigation 1s shown in figure 3. Sketches including principal
dimensions are presented in figure 4. " The supersonic diffusers included:
(1) a 25° half-angle single-shock spike inlet with a curved cowl, (2)
an all-external compresslon inlet with a curved splke designed to produce
nearly isentropic compression, (3) a perforated convergent-divergent
inlet with an over-all contraction ratio of 1.531, and (4) a 20° half-
angle single-shock splke inlet with a perforated cowl.

A schematic diagram of the subsonic diffusers used 1n conjunction

with the inlets of figure 4 1g shown in figure 5(&). Subsonic dif-
fuser 1, used with the projecting splke inlets, was that of reference l.

Diffuser 2, which was used with the perforated convergent-divergent
inlet, wae the same as that used In the Investigation of reference 2.
Both diffusers have & meximum tobal expansion angle of 5° and are faired
into a 3.6-inch-dlameter simulatsd canbustion chamber 11.75 inches long.
Total pressure of the alr flowing through the combustion chamber weas
measured by the 40-tube egual-area piltot-static rake of figure 5(b).
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The verticael and horizontal wedge rakes used to callbrate the flow
in the vicinlty of the inlets are shown in figure 6. The wedges have
15° half angles and are 3/8-inch wide and 1/8-inch thick. They were
instrumented with top and bobttom static orifices and top and bobbtom
pltot tubes. The pitot tubes were mounted parallel to the wedge sur-
faces and behind the static orifilces to prevent literference.

PROCEDURE

Initial callbration runs were designed to ascertaln conditions of
the flow in the vicinity of the inlets. The angle mede by the plate
with the tunnsl axls was varled by means of the angle of attack mechenlism
of the diffuser support body in increments of approximately 1° to a
maximum value of +7°. These runs were made with both the Fflat plate end
the two bent plates. Two bent plaetes were reguired because of the physi-
cal limitations of the test setup. The use of only one plate to furnish
flow at a 5° angle of atitack over the entire Mach number range conbtem-
plated would heve required rotation of the subsonic diffuser 12° in onme
direction. Angles of this magnitude were not possible because ths con-
figuration at this attitude would cause excessive flow blockage and
interference between the plate and tummel walls.

Afber calibration, runs were made to determine the performance of
the four inlets investigated at five fres-stream Mach numbers Mo rang-
ing from 1.72 to 2,18. An additlional run with several splke tip pro-
Jections was made for the curved splke inlet at My of 1.80. Several
preliminary runs were also made with the single-shock perforated-cowl
inlet using various distributions of perforation area In an abttempt o
gwallow the normal shock abt the nominal design Mach numbser of 1.80.

The mess flows through the unit wsre calculated from the pressures
recorded by the pltot-static raeke in the combustion chamber. The results
are presented in the form of & relative mass-flow ratio mgz /ml, which
represents the ratio of mass flow through the combustion chamber to the

mass Fflow in a free-stream tube of dlameter equal to the inlet diamster.
DISCUSSION OF RESULTS
‘Results of Plate Calilbration
Results of the calibration of flow approximately 8 inches behind the
leading edge of the plates are presented in figure 7. Two sets of data

points asre presented for the flat plates. Circles represent average Mach .
number determined from three horizontal wedges, and squares are values
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determined from three wedges moumted in & wvertical plane. The area call~
brated was approximately the size of the inlet areas to be investigated.

2049’

Tniform flow was obtained behind the flat plate over a Mach number
range of 1.72 to 2.18. Maximum deviatlon in Mach number calculated from
any one wedge differed from the average value by 40. Ol, and the maximum
flow angularity was £0.35°, ; '

Mach numbers of flow produced by the flat plate are approximately
0.02 higher than the theoretical curve for My = 1.91 (nominal tunnel-

test-gection Mach number)}. This difference 1s explained by the fact
that the measured plate angle 1s not the true angle between the plate and
stream direction due to flow angularity in the tunnel. An examlnation of
a previocus tunnel callbration showed that the flow angularilties in the
vicinity of the leeding edge of the plate over the range of plate angles
investigated were in the proper direction and of approximately the righ'b
magnitude to causs the sffects nobed.

The test Mach numbers produced dy the bent plates also are shown in
figure 7. For Mach numbers below 1.93 the values are in good agreement
wlth the flat-plate data; sbove 1.93 the debte polnts fall above the flat-
plate data. This deviatlion was accompanied by an 1norease In flow )
angularities to a maximum of approximately O. 75°. Na explanation has
been found for these differences, but they could have been csused by =n
undetected error in attaching 'plates to the supports or allning the
wedges . -

The agreement of the data with theory 1s not essential to the test-
ing technique, because 80 long a8 the flow angularities and Mach number
variations in the test reglon are not excessive, a calibration curve
would 1indicate the proper plete angle for any desired test Mach nunber.

The Mach number range covered in this inve_stigation.was 1imited by
the required size of the plate for the models investigated, by tunnel
size, or by the allowable amount of flow bBlockage.

Inlet Performance

Sumary curves of the pressure recovery and the mass-flow character-
istics of the inlets investigated over a range of Mach numbers from 1.72
to 2,18 are shown in figure 8. Included are pressiure recovery and
relative mass~flow ratio at both the polnt of peak recovery and the
beglnning of supercritical operation (point where nmass flow remsins T
constent as outlet area is increased). -
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All Inlets with projecting spikes ,attalned pesk recovery when ttre
normal shock was locabted in its most upstream stable position on the
splke., At 21l mass-Tlow ratlios below that corresponding to pesk
recovery, the phenomenon of cold buzz (shock oscillation) was observed.

When ths inlets were overating at an angle of attack of eapproxi-
mately 5° (using the bent plates), pressure recoveries were reduced
less than 2 percent from thelr values ab zero angle of attack, whereas
the relative mass-flow ratio for supsrcritical operation_ramained almogt

unchangsd .

Single-shock spike inlet. - The characteristics of the single-shock
spike inlet are shown in figure 8(a). This inlet is the same as one of
the curved-1lip configurations of reference l. Included with the experi-
mental pressure recovery curves is a plot of the theoretical recovery
including only shock losses across the conlical shock and across a normal
shock sssumed to occur at an average Mach number et the Inlet. The datba
polnts at peak recovery fall from approximately 3 to 8 percent below the
theoretical curve. If some reasonable value of pressure recovery 1s
agssumed for the Internal diffusion, good agreement betwsen theory and
experiment is Indicated. .

The experimental values of relative mess-flow ratios appser to be
low. The conlcal shock strikes the inlet 1ip at approximately Mgy = 2.10,

and at this polnt the Inlet should be operating at ‘a relative mass-flow
ratic of 1.0. The reduction in mass flow was attrlbuted Ho the fact that
a detached shock wave occurred shead of the lip at all Mach numbers
investigated.

‘A gerles of schlieren photographs illustrating the progressive
changes in the inlet flow pattern with varying free-stream Mach number
is shown in figure 9. The Increasing mass-flow ratios with incressing
Mach numbers correspond to the obgerved movement of the normal shock
clossr to the inlet. At slevated Mach numbers the expansion fen from the
leading edge of the plate can be seen, whereas gt depressed Mach numbers
the compression shock produced by the plate 1s clearly visible. At all
Mach numbers a disturbance can be seen that originates on the plate and
apparently strikes the diffuser inlet. This disturbance originates at
the Junctlon of the raked-in portion and the straight back portion of the
plate trailing edge, and is not in the plane of the inlet. A%t My = 2.18

a faint line is apparent above the plate surface ahead of the inlet. This

‘line is & side view of the tralling vortex shset shed by the tralling

edge of the raked-in portion of the flat plate.
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Curved-splke inlet. - The curved-splke inlet had an initlal conlcal
gsection of 200 half angle followsed by & curved section and is a l/3-scale
model, with slight differences in internal deslgn, of the inlet reported
in reference 2. The pressure recovery and the mess-flow characteristics
for this inlet are presented in figure 8(b). No theoretical curves are
pregdented because their calculation would require a series of lengthy
campubtations using the method of characteristics. The tailed symbols
are data from reference 2. The pressure recoveries agree well, but the
relatlve mass-flow ratios of the larger model sre approximately 3 to
5 percent higher. This difference can be explained by the slight dis-
gimilarity in internal goemetry. The trends of the mass~flow data,
however, show falr agreement. The low relative mass-flow ratios could
be caused by internal choklng produced by excessive boundary-layer
growth in the presence of a strong adverse pressure gradient on the

curved. spike. Sl

The performence characterlstics of this inlet are sensitive to
splke tip projection, as shown in figure 10 by the variation of relative
mass-flow ratios and pesk pressure recovery wlth splke tip projection at
MO = 1.80. As the tip projection Inoreassed beyond the optimum, the
relative mags-flow ratlo decreased very sharply with only a slight over-
all change in pressurs recovery. Thus, if the curved-splke inlet 1la to
operate at large mass-flow ratios, the spike tip proJection must be main-
tained near its optimum value.

Data obtained with the largs-scales model at squivalent tip projectlon
(teiled symbols) show good agreement, except for the value of relative mass-
flow ratlio at minimum tip projection. A part of this discrepancy may be
due to experimental difficulty in establlishing the exact relative mess-
flow ratio at the point of peak recovery, because the curve of pressure
recovery as a functlon of mass~flow ratlo is very flat in the vicinity
of peak pressure recovery at MO = 1,80,

Perforated convergent-divergent inlet. - The performance at varying
free-stream Mach number of & representative convergent-dlvergent
perforated inlet chosen from the extensive series of Inlets reported in
reference 3 is presented in figure 8(c). The particular inlet chosen is
inlet 1.531-F of reference 3. Included with the experimental data are
theoretical curves for the pressure recovery and relative masss-~flow
ratlo determined from a stepwlse integration method outllned in
- reference 3,

Irom an analyslis based on reference 3, an abrupt swallowlng of the
normal shock was theoretically expected to occur at = 1.77; howsver,
the data show a gradusl transition with the shock only partly swallowed
at Mg = 1.80. With the normal shock swallowed (M > 1.91) the

2049 -
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sxperimental values of pressure recovery and mass-flow ratios show falr
agresment with the theoretical curves. The talled symbols ab My = 1.91
are check points from the investigation of reference 3 for the same
Inlet. All values agree to wlthin 42 percent of pressure recovery or
relative mass-~-flow ratio.

Single-shock aplks, perforated cowl inlet. - Illustrabted in
figure 8(d) are the performsnce characteristiocs of an inlet designed o
combine the asdvantages of external compression produced by a projecting
aplke end the edvantages of large Inbternael contraction ubilizing mass-
flow splllage through cowl perforabions to remove the maximum contractlion
ratio restriction of unpsrforated inlets.

The Iinlet was so designed that the conical shock would strike the
Inlet lip for a frese-stream Mach number of 1.80, Frellimlnary runs were
made with several dlstributlons of perforated hole area in an abttempt to
swallow the normal shock at a Mach number of 1.80. The resulits of ref-
erence 3 show that for perforated convergent-divergent inlets the value

" of the subsonlc hole orifice coefficlent @ weas approximately 0.30.

The results presented herein show that the value of Qg for the con-
figuration of Pfigure 9(d) was of the order of 0.25. The perforations
were not countersunk as they were in the investigatlon of reference 3,
which would be expected to account for a consideraeble portion of the
differences in the wvalue of Qg. The perforation distribution investi-

. gated, for which the ratlo of a total hole ares to throat area was 0.39,

permitted the swallowlng of the normsl shock gt free-gstream Mach numbers

" greater than 1.85. .

In the range of Mach numbers for which the normal shock was not
swallowed, the pressure recovery of this inlet was higher than that of
the perforated convergent-divergent inlet (fig. 8(c¢c)). This higher ,
recovery is due to the relatively efficlent compression produced by the
projecting spike even when the normal shock 1s ahead of the cowling.

At Msch numbers near 1.9, however, the convergent-divergent inlet had
higher recovery. With the normal shock swallowed, only approximately

7 percent of the maximwum mess flow wes spllled through the perforations
(fig. 8(d)). 1In the transition region between Mach numbers 1.80 and
1.90, the experimental curves have been drawn as dashed lines because
the actual trends of the curves were not determined. A comparison of
the pressure recovery with the recoveries of the single-shock splke
inlet and the curved-spike inlet showed the recovery to be 2 to 3 percent
greater then the former and 3 to 4 percent lower than the latter. This
result seems to indicabte eilther that the normal shock was not located
neer the throat, so that the shock Mach number was greaster than expected,
or that the flow through the perforations disturbed the main flow enough
to appreclabley lower the intermal 4iffuser recovery.
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SUMMARY OF RESULTS

A varlable Mach number technlique was applied to determine the
performance characteristices of four types of supersonic nose inlet at
several free-stream Mach numbers. The followling results were obtained:

l. The technique investlgated produced uniform flow over a Mach
number range from 1.72 to 2.18 1n a tunnel of nomlnal design Mach number
1.91. At zero angle of attack, meximum vari@tion of Mach number in the
vicinity of the inlet was 10.01, and meximum flow engularities were
approximately 0.35°. The flow produced at an angle of attack of approxi-
mately 5° showed increased flow engularities of the order of 0.75°,
although variations in the Mach number remained small.

2. 'The abrupt swallowlng of the normal shock theoretically pre-
dicted for the perforated convergent-divergent Inlet was not reslized
experimentally, but vas replaced by a gradual entry of the shock into
the Inlet with increasing Mach number.

3. The-mess~flow cheracteristics of the curved-splke inlet exhibited
high sensitivity to the spike tip projection. Increasing the splke tip
Projection beyond its opbtimum position caused a sharp reduction in the
captured mass-flow ratio of the inlet. The meximum preasure recovery for
thls inlet veried from 0.96 at Mach number 1.72 to 0.83 at Mach number 2.18.

4. For the perforated inlet wlth projecting cone, about 7 percent
of the mass flow passed through the perforations in the Mach number
range fram 1.9 to 2.18. The meximum presaure recovery decreased from
0.89 to 0.77 in this range of Mach numbers.

Lewls Flight Propulslon Laboratory,
National Advisory Committee for Aeronautics,
Cleveland, Ohlo,
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Pigure 1. - Flat and bent plates used in investigation.
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Figure 3. - Inlets and projecting spikes investigated.
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Filgure S. Sketch of subsonic diffuser and instrumentation.
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Figure 6. - Horizomtel and vertical calibratlon wedge rakes.
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Free-stream Mach number My l.723; Free-stream Mach number s 1803
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- Schlieren photographs of flow patterns in vicinity of single-
shock spike inlet at point of pedk recovery.

Figure 9.
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